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Electrical propertiesIn this work, initially a non-destroyable surface grafting of acid functionalized multiwalled carbon nan-
otubes (f-MWCNTs) with biopolymer chitosan (CS) was carried out using glutaraldehyde as a
cross-linking agent via the controlled covalent deposition method which was characterized by Fourier
transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM). Then, BisGMA
(bisphenol-A glycidyldimethacrylate)-polyvinylpyrrolidone (PVP) blend was prepared (50:50 wt%) by a
simple sonication method. The CS grafted f-MWCNTs (CS/f-MWCNTs) were ﬁnally dispersed in
BisGMA-PVP blend (BGP50) system in different compositions i.e. 0, 2, 5 and 7 wt% and pressed into molds
for the fabrication of reinforced nanocomposites which were characterized by SEM. Nanocomposites
reinforced with 2 wt% raw MWCNTs and acid f-MWCNTs were also fabricated and their properties were
studied in detail. The results of comparative study report lower values of the investigated properties in
nanocomposites with 2 wt% raw and f-MWCNTs than the one with 2 wt% CS/f-MWCNTs proving it to
be a better reinforcing nanoﬁller. Further, the mechanical behavior of the nanocomposites with various
CS/f-MWCNTs content showed a dramatic increase in Young’s Modulus, tensile strength, impact strength
and hardness along with improved dynamic mechanical, thermal and electrical properties at 5 wt% con-
tent of CS/f-MWCNTs. The addition of CS/f-MWCNTs also resulted in reduced corrosion and swelling
properties. Thus, the fabricated nanocomposites with optimum nanoﬁller content could serve as low cost
and light weight structural, thermal and electrical materials compatible in various corrosive and solvent
based environments.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Since the report of carbon nanotubes (CNT) in 1991 [1], much
attention has been focused on their unique electrical [2] and
mechanical [3] properties. But the fabrication of homogeneous
nanocomposites with high loadings of CNTs, however, remains a
technical challenge because their poor solubility makes chemical
manipulation difﬁcult [4,5]. To expand and optimize the use of
CNTs it is necessary to functionalize CNTs with biomaterials.
Chitosan, a N-deacetylated derivative of chitin, consists of
2-amino-2-deoxy (1–4)-b-D-glucopyranose residue (or
D-glucosamine units) and is derived from the partial alkaline
deacetylation of chitin. It is widely distributed in nature, especially
in the shell of crustaceans, the cell wall of fungi and exoskeleton of
insects. Due to the excellent biocompatibility, biodegradability,
non toxicity and bioresorbability [6–9] properties, it has beenwidely used in many areas such as pharmaceutics, tissue engineer-
ing, and as food additive, and textiles [7,10–13]. In this work, the
incorporation of chitosan onto the surface of f-MWCNTs offers a
novel approach to the design of high performance nanocomposite
materials with superior properties.
Polymer blends are emerging as advanced polymeric materials
[14,15] and are being investigated as matrix resins for advanced
composites. Many commercially available vinyl ester resin materi-
als utilize BisGMA as a high performance matrix resin for compos-
ites due to its high modulus and strength, high glass transition
temperatures, high thermal stability, and moisture resistance
[16]. The cured BisGMA resins form a highly crosslinked
three-dimensional interconnected network whose microstructure
provide good engineering properties [16]. But, BisGMA is highly
viscous and its inherent brittleness causes poor damage tolerance
of its composites. Thus, BisGMA has been blended with PVP, a ther-
moplastic polymer to improve its performance [17].
In this work, the optimum 50:50 BisGMA-PVP blend composi-
tion (BGP50) which is already reported [17] has been used as the
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the reinforcing effect of CS/f-MWCNTs, initially the properties of
nanocomposites ﬁlled with 2 wt% of non-functionalized (raw
MWCNTs) and ungrafted acid functionalized MWCNTs
(f-MWCNTs) were studied. Then nanocomposites ﬁlled with
CS/f-MWCNTs (0, 2, 5, 7 wt%) were fabricated and properties such
as mechanical, dynamic mechanical, thermal, electrical, corrosion
and swelling were investigated in relation to the nanoﬁller content.
The results suggested gradual improvement in all the above stud-
ied properties with negligible corrosion and swelling characteris-
tics due to the addition of CS/f-MWCNTs into a neat blend with
maximum improvement observed in the 5 wt% nanocomposite.
In the comparative study of nanocomposites with different nanoﬁl-
lers, it was worth noting that the nanocomposite with 2 wt%
CS/f-MWCNTs retained its dominancy over the nanocomposites
ﬁlled with 2 wt% of both raw MWCNTs and f-MWCNTs in terms
of all the above properties inspite of the same content of nanoﬁller
being used. Among all the nanocomposites that were fabricated
and studied, the one with 5 wt% CS/f-MWCNTs was found to exhi-
bit maximum improvement in all the above mentioned properties
with the least corrosion and swelling tendency. This may be attrib-
uted to the stable dispersability and uniform mixing of the nanoﬁl-
lers exactly at 5 wt% in the blended matrix.Experimental details
Materials
MWCNTs of >98% carbon basis, diameter and length between 5–
20 nm and 1–10 lm [O.D  I.D  Length = 10–30 nm–
10 nm  1–10 lm] and prepared by chemical vapor deposition
(CVD) method were supplied by Sigma Aldrich, USA. CS (80%
deacetylated, MW = 100 KDa) and dicumyl peroxide (DCP) were
purchased from Sigma Aldrich. BisGMA prepolymer was synthe-
sized by using a reported method in our laboratory [18].
Similarly, the preparation of BisGMA-PVP blend (BGP50) has also
been reported [17].Methods
Acid functionalization of MWCNTs and preparation of CS/f-MWCNTs
Initially, MWCNTs were oxidized by treating with 1:1 (v/v) of
H2SO4/HNO3 mixture. For this, 0.5 g of MWCNTs was treated with
50 mL of acid mixture and reﬂuxed in an ultrasonic bath at 55 C at
a frequency of 40 kHz for 9 h. The mixture was centrifuged, ﬁltered
in vacuum through a polytetraﬂuoroethylene membrane with a
0.45 lm pore size and neutralized with 10 mL of a water/acetone
1:1 (v/v) solution. The ﬁnal product was dried in an oven at
100 C for 9 h. Then, 120 mL of freshly distilled thionyl chloride
(SOCl2) was added to 300 mg of oxidized MWCNTs, heated at
70 C and reﬂuxed for 24 hrs. The solid (MWCNTs-COCl) was then
separated by ﬁltration, washed with anhydrous tetrahydrofuran
and dried.
Before use, the CS was completely deacetylated by adding the
80% deacetylated CS to 50% NaOH solution and stirring for 8 h at
90 C under a nitrogen atmosphere. The product was ﬁltered,
washed with methanol and dried repeatedly three times. Finally,
the MWCNTs-COCl and completely deacetylated CS (1:10) were
added to anhydrous dimethyl formamide solution (30 ml). The
mixture was stirred at 120 C for 96 h under a nitrogen atmosphere
and then 0.02 g glutaraldehyde was introduced to the system for
the crosslinking of surface deposited CS. After reaction, the mixture
was ﬁltered through a 0.2 lm microporous poly (ether sulfone)
membrane, washed with 2% acetic acid to remove the adsorbed
and uncrosslinked CS. Finally the product was dried to get a ﬂuffysolid product. The whole scheme of preparation of CS/f-MWCNTs
has been shown in Fig. 1.
Fabrication of nanocomposites
Initially, BisGMA/PVP (50:50 wt%) were mixed together and
stirred at 40 C for 30 min using a mechanical stirrer. The
CS/f-MWCNTs were then added in different weight ratios 0, 2, 5,
7 wt% to the BGP50 blend and mixed thoroughly followed by soni-
cation in a high intensity ultra-sonicator for 1.5 h at ambient tem-
perature conditions with mechanical stirring for about 1 h.
External cooling system was employed by submerging the beaker
containing the mixture in an ice bath to avoid temperature rise
during the sonication process, followed by stirring overnight to
obtain a homogeneous and stable suspension. Then 0.05 g of ben-
zoyl peroxide (initiator) and hardener/catalyst/promoter
(100:10/2/2) parts by weight were added to the reinforced BGP50
blend followed by stirring for 30 min. At the beginning of fabrica-
tion, gelcoat with 2% (w/w) DCP was uniformly brushed into a
2-plate mold and cured for one hour. Later, the formulated matri-
ces were poured into the mold one at a time for the fabrication of
different nanocomposites. Then closed mold was subjected to
hot-press at 110 C for 1 h with a pressure of 5 tons and then test
specimens of required sizes were cut out from the sample sheet.
Instruments and measurements
Fourier transform infrared (FTIR) spectroscopy
FTIR spectra were collected using Thermo-Nicolate Model 400
instrument equipped with a controlled temperature cell (Model
HT-32 heated demountable cell used with an Omega 9000-A tem-
perature controller).
Scanning electron microscopy (SEM)
SEM was utilized to qualitatively examine the microstructure of
raw MWCNTs, f-MWCNTs, CS/f-MWCNTs and the nanocomposites.
The samples were gold coated and examined using a Philips 420T
scanning electron microscope with a secondary electron detector,
operating at 60 kV in the SEM mode.
Transmission electron microscopy (TEM)
Transmission electron microscopy was conducted in JEM-200
FX. Thin sections (90 nm) of the specimen were obtained by micro-
tome with a diamond knife for TEM analysis. The ﬁlament voltage
was kept 200 kV to make a bright ﬁeld image of the nanostructure.
Mechanical testing
Young’s Modulus and tensile strength were evaluated using an
INSTRON universal testing machine (Model 3369) according to
ASTM D790-03 standard. Impact strength (IZOD) was measured
in an impact tester as per D256-05. Hardness was measured under
ASTM-D2240 standard using a durometer (hardness Shore A).
Standardized hardness-measuring equipment using a sharp needle
was applied directly onto the surface of specimens to measure
hardness. Data reported in this work are calculated as averages
of the measurement carried out for ﬁve specimens.
Dynamic mechanical analysis
For dynamic mechanical analysis, four test specimens
(56  13  3 mm) were cut from the center section of an ASTM
Type I tensile bar. The dynamic mechanical properties like storage
modulus and damping coefﬁcient (tan d) were evaluated using a
DMA tester (Model Q800).
Thermal properties measurement
Thermogravimetric analysis (TGA) was performed on a
Perkin-Elmer Series 7 thermal analyzer with an air purge in a dry
Fig. 1. Preparation of CS/f-MWCNTs.
Fig. 2. FTIR spectra of (a) f-MWCNTs (b) CS/f-MWCNTs (c) 100% deacetylated CS (d)
80% deacetylated CS.
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loss of the sample was measured as a function of temperature.
Thermal conductivity was measured using Thermal Conductivity
Instrument (TCI) – 2022 SX211 as per ASTM E 1530 standard under
105 torr vacuum environment with a measurement accuracy of
±3%. The 50 mm diameter and 10 mm thick specimens were used
for this study. To ensure good contact between the test samples
and the ﬂex meter, the surface ﬁnish of the sample was improved
by working with a ﬁne emery paper. The thermal conductivity was
measured in the temperature range of -50 to 150 C.
Electrical properties measurement
Dielectric strength was tested as per IEC-60243-1 (ASTM D 149)
standard at 250 V and 50 Hz. Dielectric constant measurements
were carried out by using Weis-500 electrochemical work station
(impedence analyzer) in the frequency of 1 MHz at room tempera-
ture. Volume and surface resistance of the samples were measured
according to ASTM D257 using Keithley 6517A model 8009
Resistivity Test Fixture. The specimens were copper plated for
better contact after subjecting to humidity conditioning at 95%
RH and 37 C.
The corresponding resistivity is calculated using the formulas:
rm ¼ ð22:9=tÞR
qs ¼ 53:4R
where rv and qs are the volume and surface resistivities, respec-
tively, R is the corresponding resistance in ohms, 22.9 and 53.4
are constants for the apparatus. The volume and surface conductiv-
ities are calculated from the resistivity values obtained from the
preceding equations.
Corrosion testing
For corrosion tests, ﬁve specimens (12  10  3 mm3 and
exposed area of 372 mm2) were tested according to ASTM B117
standard. The edges of the samples were sealed with BisGMA resin
and their initial weights were taken in dry condition in an elec-
tronic balance of accuracy 0.00001 mg and model AY220. The test
was then conducted by dipping the specimens in circulating salt
water with 10 wt% NaCl concentration, pH value of 6.5 and at a
temperature of 42 C. After a gap of 24, 48 and 72 h of testing, each
time the specimens were rinsed, cleaned in deionized water, dried
in an oven for 12 h and ﬁnal weights were taken.
Swelling experiments
Swelling measurements were carried out in water, dichlor-
oethylene (CH2Cl2) and methyl ethyl ketone (MEK) at room tem-
perature. The samples of nanocomposites were small blocks
(3  3  5 mm) which were immersed in each liquid for more than
two weeks. The swelling equilibrium was determined when the
weights of the swollen specimens were constant. The specimens
were ﬁrst weighed in the swollen state. Then the swollen speci-
mens were washed with fresh solvent and dried under vacuumat 150 C for three days until constant weight. The swelling index
was deﬁned as follows:Swelling index ¼ volume of specimen in swollen state=
 volume of specimen in dry state
¼ 1þ ½ðWsw WdÞ  qsp=Wd  qswhere Wsw = weight of specimen in the swollen state, Wd = weight
of specimen in dry state, qs = density of solvent and qsp = density of
the specimen.Results and discussion
FTIR analysis
Fig. 2 shows the FTIR spectra of f-MWCNTs (a), CS/f-MWCNTs
(b), 100% deacetylated CS (c) and 80% deacetylated CS (d). The
spectrum of f-MWCNTs shows an absorbance peak at
1716.6 cm1 ascribing to the C = O stretching of –COOH. After the
surface decoration with CS, a new strong absorbance at
1633.12 cm1 is observed, which indicated the –COOH of
MWCNT reacted mainly with the –NH2 of CS and turned into –
NHCO–.This unique band frequency clearly indicates the formation
of grafting between CS and f-MWCNTs.
80% deacetylated CS shows a strong absorbance at 1652 cm1
corresponding to the C = O stretching of –NHCO–. After the alkali
treatment, in the completely deacetylated CS, the absorbance at
1652 cm1 disappeared and the absorbance at 1584 cm1 was
observed due to the –NH2 of completely deacetylated CS.
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The SEM micrographs of raw and f-MWCNTs shown in
Fig. 3(a) and (b) suggest a smooth morphology of raw MWCNTs
which after acid functionalization becomes quite irregular. This is
expected to result in a very strong matrix-CNT interaction. After
the surface decoration with CS (Fig. 3(c)), the surface changed con-
siderably showing CS protuberances. The MWCNTs bundles seem
to get slightly stretched which can be attributed to the
self-repellency of the CS coatings. Even after the surface decora-
tion, the MWCNTs still have a strong tendency to form bundles
which are bound together by the CS coatings.
Fig. 4 shows the SEM micrographs of the fabricated nanocom-
posites. The nanocomposite with 0 wt% CS/f-MWCNTs exhibits a
regular surface without any dispersed CS/f-MWCNTs particles.
The 2 wt% CS/f-MWCNTs nanocomposite exhibits less nanoﬁllers
dispersed in the matrix. The homogenous dispersion of
CS/f-MWCNTs in the nanocomposites is conﬁrmed from Fig. 4(c),
which depicts smooth and regular morphology with good disper-
sion of CS/f-MWCNTs as individual tubes in the matrix. 7 wt% of
nanoﬁller concentration (Fig. 4(d)) results in large amount of clus-
tered CS/f-MWCNTs because of the strong van der Waals resulting
in poor dispersion of nanotubes in the matrix [19] which con-
tribute to the formation of cracks on the surface of the nanocom-
posites. This leads to reduction in the properties of the blend
based nanocomposites.
TEM analysis
Fig. 5 depicts the TEMmicrographs of rawMWCNTs, f-MWCNTs
and CS/f-MWCNTs which shows a gradual increase in the diameter
of raw MWCNTs after acid and CS functionalization. Thus, both
acid and CS can be considered to have been successfully grafted
onto the surface of raw MWCNTs.Fig. 3. SEM of (a) raw MWCNTs (b)Mechanical properties
Young’s Modulus and tensile strength
In both Figs. 6 and 7, it can be well observed that the nanocom-
posites with 2 wt% of raw MWCNTs (designated as 2(r)) and
f-MWCNTs (designated as 2(f)) exhibit lower values of Young’s
Modulus and tensile strength compared to the one with 2 wt%
CS/f-MWCNTs (designated as 2(CS)). This clearly proves the effec-
tiveness of CS/f-MWCNTs as a better reinforcing ﬁller than the
raw and f-MWCNTs. The values of Young’s Modulus and Tensile
strength further get enhanced with the increased addition of
CS/f-MWCNTs into the BGP50 blend matrix. The CS/f-MWCNTs act-
ing as the reinforcement withstands maximum part of the load
enabling efﬁcient interfacial stress transfer. As a consequence,
the strength of nanocomposites increase.
However, the increasing trend is marked up to the 5 wt% of
CS/f-MWCNTs (5(CS)) loading beyond which the properties deteri-
orate. At higher content (7(CS)), the CS/f-MWCNTs are unable to
disperse adequately in the matrix because of their huge surface
energy and agglomerate to form a big cluster. This leads to inho-
mogeneous dispersion in the polymer matrix that causes a
decrease in the values of Young’s Modulus and tensile strength
[19].
Impact strength and hardness
The effect of different types of nanoﬁller loading on the impact
strength and hardness of BisGMA/PVP blend based nanocompos-
ites is given in Figs. 8 and 9. The results suggest a gradual increase
in the properties with the incorporation of raw MWCNTs,
f-MWCNTS and CS/f-MWCNTs into the blend matrix. Here also,
the CS/f-MWCNTs proved to be a better reinforcing nanoﬁller com-
pared to the raw and acid treated MWCNTs due to the successful
grafting of CS, thereby strengthening the f-MWCNTs to a greater
extent. Thus, its content was increased to study its increasing effectf-MWCNTs (c) CS/ f-MWCNTs.
Fig. 4. SEM of (a) 0 wt% (b) 2 wt% (c) 5 wt% (d) 7 wt% nanocomposite.
Fig. 5. TEM of (a) raw MWCNTs (b) f-MWCNTs (c) CS/f-MWCNTs.
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ues of both impact strength and hardness attained maxima at
5 wt% ﬁller content. The qualitative dispersion of nanoﬁller with0
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Fig. 6. Young’s Modulus of different types of nanocomposites.and ﬁller-matrix interaction may be the two main reasons or fac-
tors responsible for the observed trend.
But the decrease in the values at 7 wt% may be attributed to the
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Fig. 8. Impact strength of different types of nanocomposites.
Fig. 10. DMA study of nanocomposites with CS/f-MWCNTs.
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micro-cracks when impact occurs, causing easy crack propagation.
Therefore, the higher agglomeration of CS/f-MWCNTs can cause
the mechanical properties of the composites to deteriorate [20].
Dynamic mechanical analysis (DMA)
DMA is frequently used in nanocomposite characterization
since it allows the measurement of two different moduli of the
nanocomposites, the storage modulus (E’) which is related to the
ability of the material to return or store mechanical energy and
tan d which helps to predict the structural behavior of nanocom-
posites based on their glass transition temperatures. The DMA data
shown in Fig. 10 depicts signiﬁcant improvements in the storage
modulus with a simultaneous increase in the glass transition tem-
peratures of the nanocomposites with an increase in CS/f-MWCNTs
nanoﬁller loading.
The improvement in dynamic-mechanical properties of
nanocomposites compared to the BGP50 may be explained in terms
of enhanced interfacial properties and restricted thermal motions
of the f-MWCNTs enveloped by chitosan. At 5 wt%, the values of
storage modulus attain optimum value with reduced tan d due to
the proper orientation of nanoparticles, mobility of the molecular
chain at the interface is reduced due to the strong interfacial inter-
actions and as the free space available is too small, more energy is
required for the polymer molecules to move, thereby reducing
damping. However, at 7 wt% nanoﬁller content, there is free space
available due to the particle nucleation leading to low energy
absorption by the polymer molecules to move freely. Thus, it exhi-
bits low storage modulus with increased damping coefﬁcient.
Moreover, the tan d values of the nanocomposites are shifted to
higher temperature compared to BGP50 matrix with increasing Tg.
Therefore the materials would be more crystalline with the ability
to absorb a vibration or impact, and disperse it throughout the
material without failure.
Fig. 11 shows a comparative DMA analysis of nanocomposites
with 2 wt% of raw MWCNTs, f-MWCNTs and CS/f-MWCNTs. All50
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Fig. 9. Hardness of different types of nanocomposites.the three types of nanocomposites with same nanoﬁller loading
displayed different values of storage modulus and tan delta i.e.
the raw and f-MWCNTs reinforced nanocomposites exhibited
reduced storage modulus and increased tan delta values compared
to the grafted MWCNTs due to their poor dispersability and impro-
per orientation in the blend matrix. There is not much difference in
the glass transition temperatures of the nanocomposites.
Thermal properties
TGA analysis
Fig. 12 presents the curves of BGP50, CS/f-MWCNTs and the
nanocomposites corresponding to the mass loss as a function of
temperature. The thermogram shows only one stage of decomposi-
tion for the BGP50, CS/f-MWCNTs and the nanocomposites at tem-
peratures between 340 C and 440 C. For the CS/f-MWCNTs, the
decomposition occurs at slightly higher temperature compared to
the BGP50. This increased thermal stability is efﬁciently transferred
to the matrix system which is evident from the enhanced degrada-
tion temperatures of the nanocomposites. Therefore, the incorpo-
ration of CS/f-MWCNTs into the blend matrix further adds to the
stability of the nanocomposites by ﬁlling in the areas of cracks
and voids resulting in a tightly packed structure resistant to ther-
mal degradation. But in case of 7 wt% nanocomposite, the degrada-
tion temperature seems to deteriorate due to the poor surface
characteristics resulting in thermal instability.
Similarly, Fig. 13 shows the TGA of nanocomposites with 2 wt%
raw and f-MWCNTs. The nanocomposites display low degradation
temperatures compared to the nanocomposite with 2 wt%
CS/f-MWCNTs indicating low thermal stability. Thus, theFig. 11. Comparative DMA study of nanocomposites with 2 wt% raw MWCNTs, f-
MWCNTs and CS/f-MWCNTs.
Fig. 12. TGA analysis of nanocomposites with CS/f-MWCNTs.
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CS/f-MWCNTs is clearly proved.
Thermal conductivity
The thermal conductivity data of neat nanoﬁller
(CS/f-MWCNTs) and that of the nanocomposites with different
nanoﬁllers are shown in Figs. 14 and 15 respectively. It can be
clearly depicted that the conductivity values of all the nanocom-
posites increase due to the presence of CS/f-MWCNTs. The K values
of the samples increased linearly between 50 and +50 C but
beyond +50 C, a sudden increase in the measured value of K was
observed, which may be due to some thermal activity of the sam-
ples tested. But, the nanocomposites with 2 wt% raw and
f-MWCNTs exhibited lower values of thermal conductivity com-
pared to the nanocomposite ﬁlled with same amount of
CS/f-MWCNTs. From the studied values, it can be clearly stated
that CS/f-MWCNTs prove to be a more efﬁcient nanoﬁller respon-
sible for the enhanced properties of the nanocomposites contain-
ing them.
Electrical properties
Dielectric strength
The dielectric strength of the blend based nanocomposites has
been illustrated in Fig. 16. The nanocomposites reinforced with
raw MWCNTs (2r) and f-MWCNTs (2f) displayed increased dielec-
tric strength compared to the one without any reinforcementFig. 13. TGA analysis of 2(r) a(0 wt%). This may be due to the inherent electrical properties of
the MWCNTs.
Again, the nanocomposites with varying content of
CS/f-MWCNTs (2, 5, 7 wt%) were examined and the results studied.
Here also, the nanocomposites exhibited increased dielectric
strength with the nanoﬁller loading. 5 wt% of CS/f-MWCNTs con-
tent (5 (CS)) brought about a 46.11% increase in dielectric strength
of the nanocomposite compared to that of the neat blend (BGP50).
The increase in the values may be due to the total surface area
available from the nanoﬁller as well as its continuity. Increase in
the bond strength between the blended matrix and the nanoﬁller
[21] can also account for the improved values. However, further
addition of CS/f-MWCNTs (7(CS)) on to the blend system causes
a decrease in dielectric strength due to the lower interspacing
between the nanoﬁller particles.Dielectric constant
Polymer based nanocomposites with high dielectric constant
have attracted great attention for their important technological
applications such as electronic packaging and components, elec-
tromechanical devices, high performance capacitor and electric
energy storage devices. Fig. 17 shows the dielectric constant of
nanocomposites with 2 wt% raw MWCNTs (2r), 2 wt% f-MWCNTs
(2f) and varying content of CS/f-MWCNTs (2(CS), 5(CS), 7 (CS))
respectively. The values of dielectric constant of nanocomposites
was enhanced at a frequency of 1 MHz with the incorporation of
a nanoﬁller into the neat blend system which further displayednd 2(f) nanocomposites.
Fig. 14. Thermal conductivity curves of nanocomposites with CS/f-MWCNTs.
10
15
20
25
30
0 2 (r) 2(f) 2(CS) 5(CS) 7(CS)
D
ie
le
ct
ri
c 
st
re
ng
th
 (k
V
/m
m
)
Nanofiller content (wt%)
Fig. 16. Dielectric strength of different types of nanocomposites.
3
3.5
4
4.5
5
0 2(r) 2(f) 2(CS) 5(CS) 7(CS)
D
ie
le
ct
ri
c 
co
ns
ta
nt
A. Praharaj et al. / Results in Physics 5 (2015) 158–167 165improvement due to the CS grafted MWCNTs. The values of dielec-
tric constant of nanocomposites increased with increasing content
of CS/f-MWCNTs due to its high aspect ratio [22].The surface mod-
iﬁcation of f-MWCNTs with CS also causes effective
nanoﬁller-matrix interactions i.e. BGP50 and CS/f-MWCNTs giving
rise to a homogeneous phase system with increased dielectric
constant.Nanofiller content (wt%)
Fig. 17. Dielectric constant of different types of nanocomposites at 1 MHz.
Fig. 18. Electrical conductivity of nanocomposites with CS/f-MWCNTs.Electrical conductivity
In Fig. 18, the volume and surface conductivity results are plot-
ted as a function of the ﬁller concentration. Both the conductivities
increased up to 5 wt% of CS/f-MWCNTs content and decreased
thereafter. The volume conductivity increased by 1.0 E-14 S/cm
at 5 wt% CS/f-MWCNTs loading. The increase in surface conductiv-
ity was 1.0 E-11 S/cm for the same level of ﬁller loading.
A high aspect ratio (100) and high conductivity [104 S/cm] of
MWCNTs enable them to make a better reinforcing effect in
BisGMA/PVP blend based matrix. The nanocomposites are able to
exhibit increased conductivity due to the conductive effect of
CS/f-MWCNTs. It was observed that at higher loading (7 wt%), the
ﬁller particles tend to come closer to each other, thereby increasing
the aggregation at matrix-ﬁller interface which creates a barrier for
the conduction of electric current [22].
Fig. 19 illustrates the electrical conductivity values of nanocom-
posites ﬁlled with raw and f-MWCNTs. The values show an increas-
ing trend up to 2 wt% of ﬁller content. But a comparative study of
these values with the nanocomposite ﬁlled with 2 wt% of
CS/f-MWCNTs shows that the values are higher in case of the
nanocomposites containing CS grafted MWCNTs. The reason may
be the better conductive effect of the CS grafted MWCNTsFig. 15. Thermal conductivity curves of nanocomposites with raw and f-MWCNTs.compared to the raw and ungrafted MWCNTs which is induced
into the blend matrix. In every aspect, the CS/f-MWCNTs are
proved to be a better reinforcing ﬁller compared to the raw and
f-MWCNTs.Corrosive properties
The weight gains of the nanocomposites with different types of
nanoﬁller loading are shown in Fig. 20. Here, weight gain (oxida-
tion) occurs negligibly in all the nanocomposites even after
increased hours of NaCl treatment. However, the weight gain is
less in the nanocomposites with CS/f-MWCNTs compared to the
ones with raw and f-MWCNTs even at the same nanoﬁller loading.
This is because the CS grafted f-MWCNTs are able to achieve stron-
ger interfacial interactions with the matrix compared to the raw
and f-MWCNTs which help in the uniform and a more qualitative
dispersion of the nanoﬁller (CS/f-MWCNTs) in the blend matrix
thereby reducing the formation of any type of void in the compos-
ite systems [23]. As a result diffusion of salt water inside the matrix
is reduced and least weight change is observed at 5 wt% of
CS/f-MWCNTs content. 7 wt% of CS/f-MWCNTs ﬁller loading results
Fig. 19. Electrical conductivity of nanocomposites with raw and f-MWCNTs.
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166 A. Praharaj et al. / Results in Physics 5 (2015) 158–167in their agglomeration [19] thereby forming micro voids in the
matrix which help in the easy diffusion of salt water into the com-
posite structure showing an increase in weight gain [24].Swelling properties
The nanocomposites were subjected to swelling to ascertain
their utility in various solvent based applications. The change in
weight after exposing to various solvents (Fig. 21) suggested that
all the nanocomposites were less susceptible to the solvents com-
pared to the pure blend (BGP50). All of the systems exhibited low
swelling in the solvents, indicating highly crosslinked systems.
But the nanocomposite systems with CS/f-MWCNTs exhibited
low swelling tendency than the systems with raw and
f-MWCNTs due to its better adhesion ability with the blend matrix.
Moreover, the solvent ingress reduced with the increase in
CS/f-MWCNTs content and reached a minimum at 5 wt% due tothe efﬁcient matrix-CS/f-MWCNTs adhesion caused by hydrogen
bonding between the two. At 7 wt%, the clustering of nanoﬁller
results in cracks and micro voids on the composite surface, increas-
ing the solvent uptake causing interfacial debonding between the
matrix and ﬁller particles [25]. This is also the reason for the
decrease in mechanical properties of nanocomposites at higher ﬁl-
ler content. Thus, the above nanocomposites can exhibit better
durability even when used for solvent based applications.
Conclusion
Nanostructured materials have received much attention due to
their potential to achieve properties superior to conventional engi-
neering materials. The novelty of this work includes the use of CS
grafted f-MWCNTs as reinforcement/nanoﬁller in varying propor-
tions for the ﬁrst time into BisGMA-PVP blend matrix based
nanocomposites. Moreover, a comparative study has also been
made with the nanocomposites reinforced with raw and
f-MWCNTs. The studies revealed signiﬁcant improvement in the
mechanical, dynamic mechanical, thermal, electrical properties
along with reduced corrosive and swelling properties of the
nanocomposites ﬁlled with CS/f-MWCNTs than the nanocompos-
ites with raw and f-MWCNTs, proving it to be more efﬁcient rein-
forcing ﬁller. Then an increased addition of CS/f-MWCNTs content
into the blend matrix further enhanced the properties to a greater
level. The optimum properties are achieved at 5 wt% because at
higher nanoﬁller content (7 wt%), large amount of agglomerations
are observed that act as stress concentrators and reduce the overall
properties of nanocomposites. Thus, the above nanocomposites
could be a better candidate for a variety of structural, thermal
and electrical applications with the ability of advanced functioning
even in corroded and solvent based environments.
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